Nest predation is the principal cause of nest form in structure, or predator abundance is loss for a great variety of birds (Ricklefs 1969 , higher (Bowman and Harris 1980 , Martin Martin 1993 . Predation rates can be higher 1996). Prairie dogs (Cynomys spp.) may modify where nesting cover is less dense or more unistructure and increase predator abundance on colonies; ecological functions ' E-mail: bmce-baker@usgs.gov 1988, Miller et al. 1994 , Kotliar et al. 1999 ). Collectively, the 5 species of prairie dogs once were widespread and abundant in west-central North America ( Fig. 1 ; Anderson et al. 1986 ). However, prairie dogs have been treated as agricultural pests since European settlement of the Great Plains. The range of the black-tailed prairie dog (C, ludovicianus) has been reduced by as much as 98% due to habitat loss from agricultural and other development, poisoning to eliminate forage competition with livestock, and sylvatic plague (Yersinia pestis; Marsh 1984 , Miller et al. 1994 . Prompted by continued declines, the National Wildlife Federation formally petitioned the U.S. Fish and Wildlife Service to list the black-tailed prairie dog as a threatened species under the Endangered Species Act (K. Graber, T. France, and S. Miller, unpublished report) . Grassland and shrub-steppe birds, including species associated with prairie dogs, also have experienced regional population declines (Kotliar et al. 1999 , Knopf 1996 . Many of these species, such as the mountain plover (Charadeus montanus), homed lark (Eremophila alpestris), and McCown's longspur (Calcarius mccownii), nest on the ground in prairie dog colonies where they may experience higher rates of nest predation ). Nest predation rates may be higher on prairie dog colonies because nests may be easier for predators to locate and predators may be more abundant. Nests on colonies mav be easier to locate because vegetation typically is shorter and less dense, a result of grazing disturbance by prairie dogs (Clark 1977, Whicker and Detling 1988) . Prairie dogs clip vegetation both to consume and presumably to increase visibility for predator detection (King 1955) . Clipped vegetation may create a mowed effect; thus, vegetation on colonies also may be more uniform in structure and contrast sharply with the surrounding habitat, especially in fragmented systems where colonies occupy a relatively small percentage of the landscape. Studies in fragmented tall-grass prairie and western shrubsteppe have shown higher rates of nest predation in smaller fragments, near edges, and where nesting cover is less dense (Burger et al. 1994 , DeLong et al. 1995 , Yahner 1996 . In ad--dition, nest predators, such as coyotes (Canis latrans), badgers (Taxidea taxus), and deer mice (Peromyscus spp.), may be 3-5 times more abundant on prairie dog colonies (O'Meilia et d . 1982 , Agnew et d. 1986 , Krueger 1986 ).
Thus, if the risk of nest predation is higher where nesting cover is leis dense and more fragmented, and where predators are more abundant, then nest predation rates should be higher on prairie dog colonies.
Nest predation rates were 14% higher on colonies than in similar sites lacking prairie dogs (hereafter, called off-colony sites) in a study of 74 white-tailed prairie dog (C. leucurus) colonies in Colorado, Utah, and Wyoming (Baker et al. 1999) . White-tailed prairie dogs tolerate taller vegetation within colonies, occur at lower " densities, and occupy less fragmented landscapes (public lands) than black-tailed prairie None  405  503  908  Egg moved but intact  78  47  125  Egg gone  126  39  185  Egg crushed or broken  280  266  546  Total  889  875  1,764 *W'e omitted 3 nests that were flooded and 214 nests that we could not relocate dogs, suggesting comparisons of nest predation rates on black-tailed prairie dog colonies and off-colony sites may show even greater lfferences than for white-tailed prairie dogs .
Our objectives in this study were to compare predation rates of artificial nests placed on and off black-tailed prairie dog colonies and to suggest factors that might explain observed differences. Specifically, we determined (1) if 14-day nest predation rates were higher on prairie dog colonies than at off-colony sites, (2) if lfferences in nesting cover or prairie dog burrow density were good prelctors of lfferences in nest predation rates, and (3) if type of disturbance to nests lffered on and off colonies.
STUDY AREA
Within the historical range of black-tailed prairie dogs, the more northern states of South Dakota, Montana, and Wyoming contain the majority of remaining populations. We selected our study colonies from 2 major complexes (an aggregation of colonies, Biggins et al. 1993) in this region (Fig. 1) . They represented the mixed-grass prairie of South Dakota and the shortgrass/sagebrush-steppe of Wyoming, which allowed us to broaden our scope of inference and compare findings with a similar study of white-tailed prairie dogs ( Fig. 1 ; Baker et al. 1999) . In adltion, each of these complexes contained a minimum of 50 large active colonies.
Badlands-Conata contained portions of Badlands National Park and Buffalo Gap National Grasslands (Conata Basin) in South Dakota (Fig. 1) . Common grasses were western wheatgrass (Agropyron smithii), buffalograss (Buchloe dactyloides), blue grama (Bouteloua gracilis), needleandthread (Stipa comata), and cheatgrass (Bromus tectorum). Common forbs were fetid marigold (Dyssodia papposa), scarlet globemallow (Sphaeralcea coccinea), and woolly plantain (Plantago patagonica). Pricklypear cactus (Opuntia polyacantha) was abundant. Homed larks and western meadowlarks (Sturnella negl e c t~) were common on prairie dog colonies; grasshopper sparrows (Ammodramus sauannarum) and western meadowlarks were common at off-colony sites. Killdeer (Charadrius vocfer-US), upland sandpipers (Bartramia longicauda), and lark buntings (Calamospiza melanocoys) also were present. Sites within the complex were grazed by bison (Bison bison) or domestic cattle. Although sylvatic plague occurs in many black-tailed prairie dog populations, it has not been confirmed at Badlands-Conata. Recreational prairie dog shooting was frequent in Conata Basin, but not permitted in Badlands. In recent years, coyote populations have been reduced by aerial gunning and other means (which likely increased annual mortality relative to previous recreational shooting) to decrease (Fig. 1) . Common grasses were weste m wheatgrass, cheatgrass, blue grama, and needleandthread. Common forbs were scarlet globemallow and woolly plantain. Big sagebrush (Artemisia tridentata), black greasewood (Sarcobatus vermiculatus), and fringed sagebrush (A. frigicla) were the dominant shrubs, and pricklypear was abundant. Homed larks and McCown's longspurs were common on prairie dog colonies; western meadowlarks, lark buntings, and Brewer's sparrows (Spizella breu~eri) were common at off-colony sites. Mountain plovers, killdeer, and vesper sparrows (Pooecetes gramineus) also were present. The area was grazed by domestic cattle; sylvatic plague was present, although most colonies we sampled had escaped recent outbreaks. Recreational prairie dog shooting was frequent. We sampled Thunder Basin 6-26 June, 1998.
METHODS Experimental Design
We sampled 102 black-tailed prairie dog colonies (unit of replication) using 1,764 artificial nests in a design that paired each colony with a nearby control (off-colony site). We assumed differences in predation rates of artificial nests placed on and off colonies were proportional to dfferences in predation rates of natural nests (h4ajor and Kendal 1996). Nesting cover (visual obscurity of vegetation) and burrow density were estimated on and off colonies to help explain differences in nest predation rates.
Colonies at both complexes had recently been mapped by agency personnel via walking or driving perimeters with a Global Positioning System or a combination of aerial photographs, topographic maps, and ground-truthing. From their maps, we selected and sampled all colonies that were a minimum size of approximately 400 X 800 m, had prairie dogs present or fresh scat (greenish-black in color) at burrows, and had a suitable off-colony site. Paired colonies and off-colony sites typically had similar grazing management (same grazing allotment containing either domestic cattle or bison), soil type, and topography. To locate off-colony sites, we looked at colony boundaries to observe the type of habitat prairie dogs were colonizing and then searched nearby (typically 0.5-2.0 km) for similar sites lacking prairie dog colonies. If a suitable off-colony site could not be located, the colony was not sampled. Some off-colony sites contained a few scattered prairie dog burrows.
Artificial Nest Data
\Ve placed artificial nests (3 = 9.8 nestdcolony and 3 = 9.7 nestsloff-colony site for 1,981 placed nests) 100 m apart along a single transect line in each of the 102 selected colonies and their paired off-colony sites, generally following the methods of Baker et al. (1999) . Transects began near the edge of a colony and continued through the center of prairie dog activity until 900 m or the opposite side was reached (transect layout reflected colony shape and locations of active burrows). At off-colony sites, we tried to mimic transect layout (direction, exposure) on paired colonies. IVe estimated burrow density by recordng the number of active prairie dog burrows within 1.5 m of either side of the transect line (Biggins et al. 1993 ). Every 100 m along the line wehlaced a pin flag, packd 10 m perpendicular from the line, and located a suitable nest site within a 2-m radus. We selected nest locations using a search image that represented likely nest sites for ground-nesting birds typical of the area (Baicich and Harrison 1997) . This location was often at the base of or within a shrub, grass, or pricklypear clump. Lie scraped a shallow depression at each nest site and estimated nesting cover using a 1.5-m-tall Robe1 pole (marked in 2.5-cm increments) placed at the center of the nest scrape (Robe1 et al. 1970) . We observed the pole from opposite directions (2 readingshest) from 1 m high and 4 m away, recording the highest interval completely obscured by vegetation. This method blends vegetation height and density into 1 measure and is often a good predictor of available nesting cover. After removing the pole, we placed a roofing nail (head painted orange) in each nest to ensure we had found the nest scrape (not a similar natural depression) during subsequent visits. In each nest, we placed a single fresh Japanese quail (Coturnix japonica) egg on top of the nail. These eggs were cream-colored with dark specks, slightly smaller than mountain plover or killdeer eggs, but larger than homed lark or sparrow eggs (some small-mouthed predators are unable to break quail eggs).
We typically placed equal numbers of nests on a colony and its paired off-colony site on the same day, which ensured comparable exposure to predation across sites. After an average exposure time of 9.8 days (range = 1-14 days), nests were checked to determine if they had been Isturbed. When logistical constraints permitted, we left eggs in the nest for an average of an additional 6.6 days (range = 4-10 days), and again checked them for disturbance. We recorded nest condition each time it was checked and used 4 categories to describe type of nest hsturbance: none, egg moved but intact, egg gone, and egg crushed or broken. We did not attempt to identify specific nest predators based on appearance of eggshell fragments, believing this technique leads to misidentification problems (Baker 1978 , Hernandez et al. 1997 , Marini and Me10 1998 , Sargeant et al. 1998 ). We were unable to relocate 214 nests during the study, primarily because cattle, ranchers, or prairie dog shooters had pulled our flags. We also omitted 3 flooded nests from the analysis.
Statistical Procedures
We estimated 14-day nest predation rates for artificial nests by modeling the success or failure of a nest as an independent Bernoulli trial with parameter n(t), where a(t) is the probability a nest survives an interval t days in length (t may vary among nests). If we assume the daily survival probability of a nest is constant over t, we can replace n(t) with pt where p is the daily survival probability of the nest, giving us the probability distribution where, y = 1 if the nest survives (i.e., it "succeeds") and y = 0 if the nest is depredated (i.e., it "fails"). Assuming that for the i-th colony (i = 1, . . . , 102) daily survival probabilities on colonies (pi) and off-colony sites (ci) are homogeneous (i.e., colony x site combinations are homogeneous), the likelihood function for the observed data is proportional to where, for given i and t, s and s ' are the number of successful nests on a colony and the off-colony site, and f and f' are the number of disturbed nests on a colony and the off-colony site. Estimators for pi, ci, and their variances were derived using standard maximum-likelihood methods (Larsen and Mam 1986) , and for a giv--en colony x site combination, are equivalent to the estimators in Johnson (1979; Baker et al. 1999 ). Because closed-form solutions for these estimators do not exist, we used Newton's method to solve for the parameters (Swokowski 1988) . We computed 14-day nest predation rates as 1 -piI4 for colonies and 1 -cil"or off-colonv sites. We selected 14 davs to mimic the incubation period typical of grassland and shrub-steppe birds. Variances for 14-day predation rates were derived using the delta method (Seber 1982:7-9 ).
Tests for differences (d) between colonies
and off-colony sites for 14-day artificial nest predation rates, nesting cover, and burrow density were constructed using paired t-tests, where d = yo, -yofi and y is the variable of interest.
Specifically, for the 14-day predation rate of artificial nests we tested Ha: 2 > 0, for nesting cover we tested H,: 2 < 0, for standard deviation of nesting cover we tested Ha: 2 < 0, and for the number of active prairie dog burrows/ ha we tested Ha: 2 > 0. For all tests the null hypothesis was Ha: 2 = 0. One-tailed tests were used because hypotheses were specified a priori. Differences in nesting cover, standard deviation of nesting cover, and burrow density were used in a multiple regression analysis to determine whether these variables were good predictors of hfferences in 14-day predation rates of artificial nests between colonies and offcolony sites. Akaike's Information Criterion (AIC; Akaike 1973) was used to select the regression model best supported by the data.
RESULTS
We summarized disturbance type for 1,764 artificial nests and found eggs undisturbed (unmoved and intact) at 908 nests and dsturbed at 856 nests (Table 1) . More nests failed on colonies than off-colony sites for all 3 types of &s-turbance; a total of 54% of 889 nests failed on colonies compared to 43% of 875 nests at offcolony sites.
Comparisons showed 14-day nest predation rates were 29.5% higher (tlo, = -4.6, P < 0.001) on prairie dog colonies (66.2 + 2.2%; f 2 SE) than at off-colony sites (51.1 + 2.7%).
This pattern was similar at both complexes, but differences in predation rates were greater in the mixed-grass prairie complex at BadlandsConata (z = 20.3 + 4.7%; tS2 = -4.3, P < 0.001) than in the sagebrush-steppe complex at Thunder Basin (2 = 9.5 + 4.4%; t48 = -2.2, P = 0.018; Table 2 ). Nesting cover estimates were significantly lower (tlol = -11.7, P < 0.001) on colonies (3.4 2 0.2 cm) than at off-colony sites (7.6 + 0.4 cm). Standard deviation of nesting cover also was significantly lower (tlol = -7.4, P < 0.001) on colonies (2.4 + 0.1 cm) than at off-colony sites (4.5 + 0.3 cm), suggesting nesting cover on colonies was more uniform in structure than at off-colony sites. Density of active prairie dog burrows was significantly higher (tlol = 21.8, P < 0.001) on colonies (121.7 + 5.6 burrows/ha) than at off-colony sites (0.4 + 0.3 burrowha). Patterns were similar at both complexes, nesting cover on colonies was less dense and more uniform in structure than at off-colony sites; burrow density was greater on colonies (Table 2) .
To test the influence of habitat variables on nest predation, we regressed the difference in nest predation rates on and off colonies against the differences in mean nesting cover, standard deviation of nesting cover, and burrow density The best model, as selected by AIC (AIC = -225.972), included mean nesting cover (P = 0.045) and standard deviation of nesting cover (P = 0.11 1); burrow density was not included.
DISCUSSION

Patterns of Nest Predation
Nest predation rates may be higher on colonies (29.5% higher in this study) if nests are easier for predators to locate. Grazing disturbance by prairie dogs typically reduces height and canopy cover of vegetation (Whicker and Detling 1988) , and higher nest predation rates are typically correlated with decreased nesting cover (29 of 36 studies; Martin 1993); our results support this pattern. We found significantly less nesting cover on prairie dog colonies and cover was a significant predictor of nest predation rates. In addition, nest predation can be higher where cover is more uniform in structure because predators that develop a more narrow search image are rewarded with higher success (Bowman and Harris 1980, Martin 1996) . In our study, standard deviation of nesting cover was significantly lower on colonies and was at least weakly correlated with differences in nest predation rates. Results of this study are consistent with a similar study of white-tailed prairie dogs in Wyoming, Utah, and Colorado (Fig.  l) , where nest predation rates averaged 14% higher on colonies than at off-colony sites ). Thus, nest predation was consistently higher on colonies for both black-tailed and white-tailed prairie dogs at 5 major complexes (combined data set of 3,208 artificial nests at 176 colonies). White-tailed prairie dog colonies also had less nesting cover than offcolony sites (Robe1 cover; Baker et al. 1999) . Re-analysis of white-tailed prairie dog data from Baker et al. (1999) also showed standard deviation of nesting cover was significantly less (tR1 = 4.7, P < 0.001) on colonies (2.4 + 0.3%) than at off-colony sites (4.9 + 0.5%). Thus, in both black-tailed and white-tailed prairie dog habitat, nesting cover was more uniform in structure where nest predation rates were higher, providing empirical evidence in support of Martin's (1996) general prediction that uniform nesting cover can increase nest predation rates.
In addtion to reducing available nesting cover, prairie dog colonies may attract nest predators by creating favorable habitat or by serving as an abundant source of prey. At Badlands National Park, deer mice and northern grasshopper mice (Onychomys leucogaster) were 3 and 4 times more abundant on colonies than at offcolony sites (Agnew et al. 1986 ). Indeed, predation by mice and other small-mouthed predators may even have been under-represented in our study because some species or individuals of mice are unable to break quail eggs (Marini and Melo 1998) . Our field observations did not suggest that prairie dogs are nest predators ), but as prey themselves, prairie dogs may attract predators that prey on nests. Predators may be attracted to colonies specifically to search for nests (primary predation) or may find nests incidentally (secondary predation) as they hunt prairie dogs, small mammals, or insects. For example, Vickery et al. (1992) demonstrated that striped skunks (Mephitis mephitis) incidentally located and depredated grassland bird nests while searching for invertebrates. Thus, nest predation rates on colonies may be higher both because the abundance of predators is higher and because there is less available nesting cover suggesting that the interaction of predator abundance and nesting cover may be an interesting topic for further study.
These patterns of higher nest predation that we observed for prairie dogs in North America may occur in ecologically similar species of other regions. In Central Argentina, the plains vizcacha (Lagostomus maximus, family Chinchillidae) is a large, colonial, burrowing rodent of semiarid scrub and grasslands. Like prairie dogs, vizcachas reduce height and cover of grasses and shrubs, increase forb cover, provide habitat for associated species (e.g., burrowing owls, Athene cunicularia, nest in vizcacha burrows), and may attract nest predators (e.g., felids; Branch et al. 1996 ; L. C. Branch, University of Florida, personal communication). In Australia, the burrowing bettong (Bettongia lesueur, family Potoroidae) is a mid-sized, colonial (warrens) burrowing marsupial, that once was widespread and abundant throughout the arid and semiarid mainland. Like prairie dogs, bettongs suffered severe population declines following European settlement; isolated populations survive only on offshore islands (Baker and Noble 1999) . Before populations declined, bettongs likely altered vegetation structure (e.g., reduced brush encroachment) and provided a locally abundant food source for predators (Noble 1997) . Thus, because the risk of nest predation is higher on prairie dog colonies in North America, we predict that similar patterns may occur on vizcacha colonies in Argentina and bettong colonies in Australia.
Compensation for Higher Nest Predation
Why would birds nest on prairie dog colonies if the risk of nest predation is greater than at off-colony sites? As speculation, we offer several hypotheses that may operate independently or in combination. For some species, the cost of increased nest predation may be offset by increased foraging success. Insects important to foraging birds may be more numerous and easier to catch on colonies, especially at critical times during the nesting cycle (Olson 1985 .
Habitat fragmentation following European settlement may have increased nest predation rates on black-tailed prairie dog colonies. Both complexes we sampled have been fragmented by poisoning, sylvatic plague, or other causes. As fragmented colonies become smaller and more isolated within the landscape they may function as predator patches ). These unique features may attract predators from the surrounding habitat matrix and provide a more narrow and successful search image. Predator control may have exacerbated the effects of fragmentation by altering predator composition and abundance. In particular, eradication of wolves (Canis lupus) from the Great Plains may have increased abundance of smaller more effective nest predators. In a test of the mesopredator release hypothesis, Rogers and Caro (1998) found that songbird nest success was increased by the presence of coyotes, which apparently had suppressed populations of raccoons (Procyon lotor), a more effective nest predator. In fragmented systems, mesopredator release may combine with fragmentation effects to further increase localized nest predation rates (Crooks and Soule 1999) . Thus, fragmentation and predator control may have altered predator-prey dynamics on colonies and possibly increased nest predation rates after bird species evolved associations with prairie dogs.
Finally, bird species associated with prairie dogs may compensate for greater risk of nest predation by reducing the importance of in&-vidual nests. In a comparison of nest predation and fecundity for birds in various nesting guilds (e.g., excavating, ground-nesting, shrub-nesting), Martin (1995) found that species with higher nest predation rates had smaller clutches and more brooddyear. Comparisons with our data suggest this same pattern may apply to birds that nest on prairie dog colonies; mean clutch size was lower and mean number of brooddyear was higher for species associated with prairie dog colonies than with off-colony sites for both black-tailed (clutch size 3.0 on, 4.4 off; broods 2.5 on, 1.6 off) and white-tailed (clutch size 2.7 on, 3.4 off; broods 2.8 on, 1.8 off) prairie dogs ( Fig. 1; B . W. Baker, unpublished data) . For this comparison, estimates of mean clutch size and number of broods/year were obtained from the literature and associations were based on density estimates obtained in 1996 and 1997 at the same 5 complexes sampled in this study . Prairie dog associates were killdeer, mountain plover, mourning dove (Zenaida macroura), homed lark, and McCown's longspur; off-colony associates were grasshopper sparrow, vesper sparrow, sage sparrow (Amphispiza belli), claycolored sparrow (Spizella pallida), Brewer's sparrow, lark bunting, and western meadowlark. Thus, comparisons from both black-tailed and white-tailed prairie dog ecosystems support Martin's (1995) predction that species nesting where predation rates are higher have smaller clutches and more broods. Clearly, factors other than association with prairie dogs may explain observed fecundity differences (e.g., difference in body size), but the possibility of an evolutionary pattern developed from higher predation pressures is interesting and warrants further investigation.
MANAGEMENT IMPLICATIONS
Fie believe the higher rates of nest predation on prairie dog colonies should not be viewed as a license to continue the widespread eradcation of prairie dog populations in North America. Rather, declines in prairie dog populations have likely contributed to parallel declines in populations of closely associated species, such as the mountain plover (Knopf 1996 , Kotliar et al. 1999 . If, as we speculate, fragmentation of large prairie dog complexes may contribute to higher nest predation rates on colonies, then agency and other land managers should focus their efforts on the coordinated protection of large intact prairie dog ecosystems rather than piecemeal protection of isolated colonies. This recommendation is consistent with black-footed ferret reintroduction guidelines, which incrementally value complexes by their relative area (Biggins et al. 1993) . Also, the protection of large, intact complexes, especially those on public lands, is the primary focus of recommendations developed by State Wildlife Agencies in response to the 1998 petition to list the blacktailed prairie dog as a threatened species (\%' . Van Pelt, Arizona Game and Fish, personal communication). 
